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ABSTRACT
Multi-proxy analysis of sediment cores from five key locations in hyper-
saline, alkaline Lake Bogoria (central Kenya Rift Valley) has allowed recon-
struction of its history of depositional and hydrological change during the
past 1300 years. Analyses including organic matter and carbonate content,
granulometry, mineralogical composition, charcoal counting and high-resolu-
tion scanning of magnetic susceptibility and elemental geochemistry resulted
in a detailed sedimentological and compositional characterization of lacus-
trine deposits in the three lake basins and on the two sills separating them.
These palaeolimnological data were supplemented with information on pre-
sent-day sedimentation conditions based on seasonal sampling of settling
particles and on measurement of physicochemical profiles through the water
column. A new age model based on 210Pb, 137Cs and 14C dating captures the
sediment chronology of this hydrochemically complex and geothermally fed
lake. An extensive set of chronological tie points between the equivalent
high-resolution proxy time series of the five sediment sequences allowed
transfer of radiometric dates between the basins, enabling interbasin compar-
ison of sedimentation dynamics through time. The resulting reconstruction
demonstrates considerable moisture-balance variability through time, reflect-
ing regional hydroclimate dynamics over the past 1300 years. Between ca
690 and 950 AD, the central and southern basins of Lake Bogoria were
reduced to shallow and separated brine pools. In the former, occasional
near-complete desiccation triggered massive trona precipitation. Between ca
950 and 1100 AD, slightly higher water levels allowed the build-up of high
pCO2 leading to precipitation of nahcolite still under strongly evaporative
conditions. Lake Bogoria experienced a pronounced highstand between ca
1100 and 1350 AD, only to recede again afterwards. For a substantial part of
the time between ca 1350 and 1800 AD, the northern basin was probably dis-
connected from the united central and southern basins. Throughout the last
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two centuries, lake level has been relatively high compared to the rest of the
past millennium. Evidence for increased terrestrial sediment supply in
recent decades, due to anthropogenic soil erosion in the wider Bogoria
catchment, is a reason for concern about possible adverse impacts on the
unique ecosystem of Lake Bogoria.
Keywords Kenya Rift Valley, Lake Bogoria National Reserve, lake-level
change, lake-sediment coring, saline alkaline lake, sedimentation dynamics.
INTRODUCTION
The Fifth Assessment Report of the Intergovern-
mental Panel on Climate Change stresses the
importance of high-quality palaeodata docu-
menting the natural variability of past climate
(Masson-Delmotte et al., 2013) for improving
model-simulated forecasts of future climate
change (Rowell et al., 2015). In East Africa, cli-
mate-proxy records documenting climate vari-
ability over at least the past 1000 years with
sufficient resolution and chronological control
to understand the past climate dynamics of the
region at decade to century timescales currently
exist for only a handful locations (Verschuren,
2004; Tierney et al., 2013). This is because the
sub-humid to semi-arid local climate renders
most of its lowland lakes, whose deposits con-
stitute the predominant source of palaeoenviron-
mental information, prone to intermittent
desiccation (Verschuren, 2003). Especially along
and near the eastern (Gregory) branch of the East
African Rift System (EARS), most lake-sediment
archives have been disturbed or obliterated by
episodes of severe drought in the relatively
recent past, hence limiting their potential for
supplying reliable palaeoclimate data. One of
the few exceptions is Lake Bogoria, a hyper-
saline alkaline lake in the central Kenya Rift
Valley. A previous study (De Cort et al., 2013)
demonstrated that this lake persisted as a peren-
nial water body during the late 18th and early
19th Century episode of severe regional aridity
(Verschuren, 2001; Bessems et al., 2008), estab-
lishing it as one of the very few lakes in Kenya
where a continuous palaeoclimate record span-
ning the last millennium or longer may have
been preserved. However, previous study of this
sediment record (De Cort et al., 2013) was ham-
pered by system-specific challenges, such as the
intact recovery and preservation of its extremely
soft and gas-charged upper sediments, rapid
crystallization of hypersaline pore water and
complicated sediment dating.
This paper presents sedimentological, geo-
chemical and mineralogical characteristics of
five new sediment sequences from Lake Bogoria,
recovered at a central location in each of its
three basins and from the submerged crests of
the two sills that separate them. This new study
resolved or circumvented all of the above-men-
tioned challenges. Interpretation of the sedimen-
tary proxies is enhanced by data on modern
water column stratification, and on seasonal sed-
imentation dynamics, the latter obtained using
sediment traps. These combined analyses pro-
duced a comprehensive history of sedimentation
dynamics and climate-driven lake level change
in Lake Bogoria over the past 1300 years. The
resulting depositional context provides a solid
basis to establish Lake Bogoria as a new, high-
quality palaeoenvironmental archive for equato-
rial East Africa.
STUDY SITE
Lake Bogoria (0°150N, 36°060E; ca 17 9 3.5 km)
occupies the southern end of a half-graben
depression in the central Kenya Rift Valley, ca
25 km north of the equator (Fig. 1). The drai-
nage basin (705 km²) is composed mainly of
Neogene basalt, trachyte and phonolite (McCall,
1967; Tiercelin et al., 1987; Hackman, 1988).
Rainfall in equatorial East Africa is linked to the
twice-yearly passage of the Intertropical Conver-
gence Zone. This produces ‘long rains’ in March
to May (MAM) and ‘short rains’ in October and
November. Also during what is regionally
known as the main ‘dry’ season of June to
September (JJAS), frequent late-afternoon cloud-
bursts produce considerable amounts of precipi-
tation at Lake Bogoria (Fig. 1D). December,
January and February are typically dry (Fig. 1;
LaVigne & Ashley, 2001) and hence defined as
the short dry season.
The hydrologically closed lake is hypersaline
with Na+, CO23 , HCO

3 and Cl
 as major ions
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and a pH of ca 105 (Tiercelin et al., 1987).
Hydrochemistry is further influenced by ca 200
hot springs above and below the present-day
water surface (Fig. 2; Tiercelin et al., 1987),
which presently contribute an estimated 30 to
35% to the total water budget of the lake
(Renaut & Tiercelin, 1994; Onyando et al.,
2005). While ultimately also climate-driven, this
geothermal inflow partly buffers against strong
short-term fluctuation of lake level, hence pro-
tecting the lake from desiccation. Strong chemi-
cal stratification, with less saline surface waters
overlying a more saline and dense layer of bot-
tom water, results in meromixis with a perma-
nently anoxic monimolimnion. This was
demonstrated by measurements of conductivity
and dissolved oxygen throughout the water col-
umn, once seasonally from July 2014 until July
2015 (Fig. 3). During the then prevailing high-
stand conditions following a major transgression
from 2011 to 2013 (Obando et al., 2016), the sur-
face level of Lake Bogoria was situated at ca
996 m above sea level (a.s.l.), only ca 3 m below
the lake’s assumed overflow level set by the ele-
vation of the water divide near Loboi village
immediately to the north-west (Young & Renaut,
1979). During such highstand conditions, the
isolated monimolimnion displays markedly high
temperatures due to geothermal heat input
(Fig. 3). In contrast, water-profile measurements
in 2001 and 2003, when lake level was ca 7 m
lower than in 2014, confirm the breakdown of
the chemocline and thermocline at that time
due to evaporation of surface water, and hence
increased exposure of bottom waters to wind
action (Fig. 3).
Fig. 2. (A) Bathymetric map of Lake Bogoria showing the five core sites (open circles) and the three sediment-trap
sites (‘plus’ symbols) of this study (see Tables 11 and S1), as well as the locations of the lake’s known hot springs
(Renaut et al., 1986). This map depicts the lake during August 2002, when lake-surface elevation was at ca 989 m
a.s.l. Adapted from Hickley et al. (2003), who also delineated a deep-water area in the central basin with lake bot-
tom elevation undulating at a small spatial scale. (B) Lake-floor elevation of Lake Bogoria along a north–south
transect (a–a’) relative to the approximate water levels in 2001 to 2003 (989 m) and 2014 to 2015 (996 m). Adapted
from Hickley et al. (2003).
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Along its north–south oriented longitudinal
axis, Lake Bogoria is divided into three deposi-
tional basins of varying area and depth (Fig. 2;
Tiercelin et al., 1987; Hickley et al., 2003). The
shallow northern basin (121 m deep in 2014) is
connected with the larger and deeper central
basin (16 m in 2014) by a narrow passage across
the relatively high north-central sill (Nyalibuch
sill, cresting at ca 9855 m a.s.l.). A similarly
narrow but lower central-south sill (Ng’airus sill,
Fig. 3. Depth profiles showing the gradients of temperature, dissolved oxygen (DO) and conductivity (specific
conductance, a measure of salinity or density) in the water column of the three basins of Lake Bogoria, recorded
at the coring sites in August 2001, August 2003 and once each season between July 2014 and July 2015.
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cresting at ca 9827 m a.s.l.) leads to the south-
ern basin, which is much smaller in surface area
than the central basin but nearly as deep
(151 m in 2014).
The largest inflowing river system, the
Sandai–Waseges, drains two-thirds of the lake
catchment (Fig. 1; Tiercelin et al., 1987; Renaut
& Tiercelin, 1994) and flows into Lake Bogoria
from the north, across a broad floodplain along
the northern shore of the lake. The river is most
often seasonally activated, but can be perennial
during exceptionally wet years (Renaut et al.,
1986). Most surface inflow directly into the cen-
tral and southern basins is in the form of small
ephemeral streams, draining the smaller western
and southern portions of the catchment. The
small Kipkongor (not shown in Fig. 1) and
Emsos streams in the southern basin are peren-
nial only because they are partly fed by dilute
and warm (37 to 44°C) springs. The unique
hypersaline aquatic ecosystem of Lake Bogoria
and the immediately adjacent areas of its catch-
ment enjoy environmental protection as the
Lake Bogoria National Reserve (Fig. 1). The
upstream drainage basin, however, is situated
beyond the reserve boundaries and hence sus-
ceptible to greater human impact.
METHODS
Field operations
In July 2014, undisturbed sediment sequences
were recovered using gravity and piston coring
equipment at five sites: the deepest points of the
northern, central and southern basins, and the
crests of the two sills separating them (Fig. 2;
Table 1). For details on the procedure employed
for intact collection and transport of these
extremely soft sediments, the reader is referred
to Appendix S1. To document seasonal sedimen-
tation dynamics in Lake Bogoria, double-
funnelled (Ø 63 mm) sediment traps were
installed below the chemocline at each of the
three mid-basin coring sites. After deployment in
early July 2014 (i.e. midway through the main
‘dry’ season – JJAS), they were emptied five times
during the following year (Table S1), at the end
of each successive wet or dry season and finally
slightly over one full year after their initial
deployment. On these occasions, measurements
of salinity (as specific conductivity, in mS cm1),
dissolved oxygen (DO, mg l1) and temperature
(°C) were also made at 05 to 10 m intervals
throughout the water column of the three lake
basins, using a Hydrolab Quanta multi-probe
(OTT Hydromet, Kempten, Germany).
Laboratory analyses on sediment cores
The sediment cores were transported to Ghent
University (Belgium). After lengthwise splitting,
cores were examined visually and sedimentary
facies were described based on visual and textu-
ral characteristics. Core halves were photo-
graphed using a digital line-scan camera, and
volume-specific magnetic susceptibility (MS j,
in SI) was measured at 2 mm intervals using a
Bartington point sensor MS2E mounted on a
Multi-Sensor Core Logger installation (Geotek
Limited, Daventry, UK). Specific wet and dry
weight (in g ml1 wet sediment), as well as
porosity (in % of wet sediment volume) and
water content (in % of wet sediment mass), and
the fractions of organic (OM), carbonate and sili-
ciclastic matter (in % of dry sediment mass)
were determined by the loss on ignition (LOI)
method (Dean, 1974; Bengtsson & Enell, 1986)
on fixed volumes of 1 ml wet mud at contiguous
1 cm intervals, except for the rapidly deposited
sediments of the northern basin and north-cen-
tral sill, where a contiguous 2 cm or 4 cm reso-
lution was applied. The carbonate content
obtained is largely determined by the presence
of sodium carbonates that formed from
Table 1. Site locations and sub-bottom depths of the five composite sediment sequences collected from Lake
Bogoria in July 2014 and July 2015.
Core site Coordinates
Water depth (m),
July 2014
Sediment
sequence
Length of sediment
sequence (cm)
North Basin 00°190113″N, 36°040496″E 121 BOGN14 222
North-Central Sill 00°180136″N, 36°050023″E 106 BOGNC14 143
Central Basin 00°130230″N, 36°060287″E 160 BOGC14 176
Central-South Sill 00°120183″N, 36°070112″E 133 BOGCS14/15 121
South Basin 00°110317″N, 36°060586″E 151 BOGS14 299
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interstitial solutions upon drying, together with
the possible occurrence of syn-sedimentary
sodium carbonate minerals. This implies that
water content as derived from LOI is systemati-
cally underestimated (by up to 10 to 20%), not
only because of deliberate partial dehydration in
the field (see Appendix S1), but also because
dissolved salts in the pore water (which make
up 10 to 20% of its mass) are not removed by
heating at 105°C but precipitate instead. Specific
dry weight, after correction for this salt content,
was used to calculate mass-specific magnetic
susceptibility (v, in SI). The grain-size distribu-
tion of the siliciclastic fraction was measured
for contiguous 1 to 4 cm intervals throughout
the three mid-basin sequences using a Malvern
3000 Laser Diffraction Particle Analyzer (Mal-
vern Instruments Limited, Worcestershire, UK),
after sample pretreatment to sequentially remove
carbonates (using HCl), organic matter (using
H2O2) and biogenic silica (using KOH; Vaasma,
2008). In the sediment sequences from the three
mid-basin sites, macrocharcoal particles (sieved
using a 100 lm mesh size) were counted either
at contiguous 05 cm or 10 cm intervals or non-
contiguous 20 cm intervals under a binocular
microscope. The flux of such charcoal reflects
the frequency and intensity of vegetation burn-
ing in the surrounding landscape (Whitlock &
Larsen, 2001; Duffin et al., 2008), but here its
stratigraphic distribution is used mainly to
establish chronological tie points between the
three basins and to identify horizons with abun-
dant terrestrial plant material for 14C dating. At
selected depths, the mineralogical composition
of bulk-sediment and syn-sedimentary salt crys-
tals was determined using X-ray diffraction anal-
ysis (XRD; Bruker D8 Discover system; Bruker,
Billerica, MA, USA). These samples were air-
dried and ground by mortar and pestle to a fine
powder before measurement. A number of bulk
samples were rinsed with deionized water
through diffusion over a 12 to 14 kD molecular
porous membrane to remove the sodium carbon-
ate fraction before analysis, which in these sam-
ples mainly originates from crystallization of
saline pore water during sample drying. If
not removed, this fraction would dominate the
X-ray diffractogram, resulting in erroneous data
on true sediment composition and impeding the
identification of less abundant components.
Non-destructive X-ray fluorescence (XRF)
analysis was conducted on the archive core
halves from the three mid-basin sequences using
the Avaatech XRF Core Scanner (Avaatech,
Alkmaar, The Netherlands) at ETH Z€urich
(Switzerland), in contiguous intervals of either
2 mm or 5 mm. Elemental counts were con-
verted to percentages of total counts, to account
for different equipment settings (energy level of
X-ray source, count time) and specimen effects
such as water content and core surface geometry
(R€ohl & Abrams, 2000). Results are reported for
a selected subset of elements, i.e. calcium (Ca),
titanium (Ti), chlorine (Cl), iron (Fe) and man-
ganese (Mn).
Laboratory analyses on sediment-trap
samples
The sediment-trap samples were rinsed through
three cycles of dilution with distilled water, set-
tling and decanting to remove most dissolved
ions. The samples were then freeze-dried and
their grain-size distribution analysed using the
method described above. Their mass-specific
magnetic susceptibility (v) and contents of total
carbon (TC), total organic carbon (TOC) and total
nitrogen (TN) were analysed at the Helmholtz
Centre Potsdam (Germany). For analysis of TC
and TOC, the samples were placed in silver cap-
sules and processed in a Carlo Erba NC 2500 ele-
mental analyser (Carlo Erba, Milan, Italy). For
TOC determination, they were first treated with
20% HCl at 75°C to remove the total inorganic
carbon (TIC); the difference between TC and TOC
was taken to represent the TIC content. The TN
measurements were carried out with the same
analytical facility (tin capsules, no acid treat-
ment). The C/N ratios were calculated by dividing
%TOC over %TN. Additionally, concentrations
of selected major and trace elements (Fe, Al, Ti,
Mn, K, Ca, Mg, Sr, P and S) in sediment-trap sam-
ple aliquots with dry weights between 006 g and
052 g (depending on the amount of available
material) were determined by inductively cou-
pled plasma atomic emission spectrometry (ICP-
MS) at the Potsdamer Wasser und Umweltlabor
(Germany). Averaged over all samples, analytical
precision was better than 11%.
Chronology
To date the upper sediments, 17 freeze-dried sam-
ples from the upper 40 cm of core BOGC14 from
the central basin of Lake Bogoria were analysed
for 210Pb and 226Ra by direct gamma assay at the
Environmental Radioactivity Laboratory of Liver-
pool University (UK). Additionally, the depth
profile of 137Cs was measured to constrain the
© 2017 The Authors. Sedimentology © 2017 International Association of Sedimentologists, Sedimentology, 65, 1667–1696
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1963 peak in above-ground nuclear bomb testing.
To compensate for the low concentrations of
these fallout radionuclides in this low-rainfall
area, which had hindered previous dating
attempts (De Cort et al., 2013), large sample sizes
(15 to 20 g dry sediment) were combined with
long counting times (up to >4 days for samples
close to equilibrium). The Pb-210 dates were cal-
culated using the constant rate of supply model
(Appleby & Oldfield, 1978), using the 1963 137Cs
time marker as reference point (Appleby, 2001).
Age estimates for the deeper sediments were
obtained by radiocarbon (14C) dating. Given the
extremely large and probably variable old-carbon
effect on the bulk-sediment age of Lake Bogoria
deposits (estimated at ca 4000 years; De Cort
et al., 2013), only 14C dates obtained on terrestrial
plant macrofossils were considered. Availability
of a complete macrocharcoal inventory (cf. above)
permitted targeted extraction of such material.
A total of 16 14C dates were obtained for char-
coal and other terrestrial plant macrofossils
recovered from different cores. By virtue of con-
sistent down-core patterns shown by various
proxies, all dated core intervals, both 210Pb-
derived and 14C-derived, could be individually
transferred to the corresponding (i.e. age-equiva-
lent) sediment depths at the other core sites. For
this purpose, a comprehensive set of tie points
was assembled using detailed inspection of core
images (most useful for finely laminated inter-
vals; Fig. S1), and the depth profiles of v
(Figs S1 and S2), charcoal (Fig. S3), XRF
(Fig. S4) and OM content (Fig. S5). Following
this cross-correlation of age-equivalent sediment
strata between the five coring sites, age–depth
modelling was undertaken on the sediment
record of the southern basin, which has the
highest potential for continuous, high-resolution
palaeoenvironmental reconstruction (see below).
The Bacon software package for R was used for
age–depth modelling (Blaauw & Christen, 2011),
using all default settings (with a prior for mean
accumulation rate at 5 yr cm1) and calibration
of 14C ages with the IntCal13NH radiocarbon cal-
ibration curve (Reimer et al., 2013).
RESULTS
Lithostratigraphy and sediment composition
Combination of facies stratigraphy defined by
visual inspection of macroscopic sediment-core
features and multi-proxy data on sediment
texture and composition (Figs 4 to 8; Table 2)
allowed delineation of a sequence of five sedi-
mentary units (Table S2). Not all of these units
were recovered from all five core sites, but their
distribution describes the spatial heterogeneity
of sedimentological processes in Lake Bogoria
over the time period considered.
The lowermost unit (Unit I) is represented
only in the sediment sequences from the south
and central basins. In the central basin, Unit I
(176 to 125 cm; Fig. 5) is dominated by three
massive layers, between 3 cm and 14 cm thick,
of nearly pure trona [Na3(HCO3)(CO3)2H2O].
These layers also contain minor amounts of ther-
monatrite [Na2(CO3)H2O] and halite (NaCl), but
whether the latter was formed as a syn-sedimen-
tary phase rather than as a product that formed
upon drying of pore water is uncertain. These
massive trona layers are intercalated with sedi-
ments containing the sodium silicate mineral
magadiite (Na2Si14O2911H2O) and the zeolite
clinoptilolite [(Ca3,K6,Na6)(Si30Al6)O7220H2O].
In the southern basin, Unit I (299 to 255 cm;
Fig. 6) consists of deposits of banded, black to
grey-brown mud without massive salt layers.
Upon splitting the southern core, macroscopi-
cally visible salt crystals started forming rapidly
through evaporation, indicating highly saline
pore waters in this unit. The XRD analysis
revealed the presence of abundant trona and
minor amounts of thermonatrite, halite, magadi-
ite and the zeolite erionite [(Ca5,K10,Na10)(Si26A-
l10O72)30H2O] (Table 2). Whereas in the central
basin the presence of massive salt deposits in
Unit I hampers continuous surface scanning or
destructive analyses of the sediment matrix,
uninterrupted sedimentation in the southern
basin sequence allowed high-resolution proxy
data to be gathered. Contents of OM, carbonate
and charcoal in the southern basin are high
throughout Unit I, whereas v values fluctuate.
Throughout Unit I, Ti and Ca are both low and
show strong positive correlation (R² = 087,
P < 0001; Fig. 9A and B). In contrast, Cl/H2O
values are the highest of the entire sequence.
Manganese/iron ratios are low in the lower half
of Unit I and increase gradually towards its top.
Unit II was also recovered in the central and
southern basins only, at 115 to 125 cm and 210
to 255 cm sediment depth, respectively. In both
basins, this unit is characterized by the presence
of large (up to several centimetres) clear crystals
of nahcolite [NaH(CO3)], randomly oriented in a
feldspar-dominated matrix of homogenous grey-
brown, silty mud with low v values. Nahcolite
© 2017 The Authors. Sedimentology © 2017 International Association of Sedimentologists, Sedimentology, 65, 1667–1696
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crystals are especially abundant in the lower
part of this unit, where they form a near-massive
layer in the sequence of the central basin. The
habit of these crystals suggests formation at or
just below the sediment–water interface. The
XRD analysis also detected authigenic magadiite
and clinoptilolite in the mud matrix of this unit.
The nahcolite deposits of the central basin are
too massive to allow reliable analysis of bulk-
sediment characteristics. In the southern basin,
OM and charcoal contents are high, decreasing
towards the top. Titanium levels in Unit II are
somewhat higher than in Unit I but still low
overall. Calcium and Ti exhibit a weak but
mostly positive correlation (Fig. 9A), which dis-
appears towards the top of the unit (Fig. 9B).
The Cl/H2O ratio is lower than in Unit I, but
still high compared to all overlying sediment
units. Manganese/iron is relatively high, slightly
declining towards the top of the unit.
Sediments of the central and southern basins
comprising Unit III (1150 to 607 cm and 2100
to 968 cm, respectively) lack macroscopically
visible sodium carbonate crystals and have
reduced bulk carbonate content, attesting to the
prevalence of less saline conditions during their
deposition. In the southern basin, the sediments
are brown to dark brown and display a vaguely
laminated to broadly banded pattern, whereas in
the central basin this unit is uniformly greyish
brown. Overall, values of v and Ti are higher
than in the underlying sediments, while OM,
carbonate and Cl/H2O are lower. In the southern
basin, the transition from Unit II to Unit III also
marks a shift from positive to negative correla-
tion between Ti and Ca (Fig. 9A and B). In addi-
tion, XRD analysis reveals no presence of
sodium silicates or zeolites, and the proportion
of clay is relatively high (ca 20%) throughout
Unit III, whereas charcoal abundance is mostly
low. Manganese/iron is also low and gradually
decreases upward to minimum values (ca 0035)
at around 135 cm depth. A thin interval with
lower v and Ti values at about 180 cm mirrored
by markedly higher levels of OM, carbonate and
Ca, divides Unit III into subunits III-A and III-B.
Whereas subunit III-A is retrieved only from the
central and southern basins, subunit III-B occurs
as the lowermost half of the sediment sequence
on the central-south sill (1210 to 602 cm;
Fig. 7B). Its base consists of hard, spherical
aggregates of magadiite-rich concretions up to
2 mm in diameter that proved impenetrable by
the piston corer. A second thin interval with
low values for the clastic input proxies (v andT
a
b
le
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Ti) and high OM content, at ca 150 cm in the
southern basin, corresponds to a thin magadiite-
rich layer at 82 cm and 90 cm depth, respec-
tively, in the sequences from the central basin
and from the central-south sill. In the central
basin, the abundance of magadiite at this depth
is responsible for a positive anomaly in clay
content (Fig. 5). This can be attributed to the
fine crystal size and morphology of this mineral
and its resistance to the employed pretreatment
methods (Renaut, 2003). Towards the top of sub-
unit III-B in the southern basin (1200 to
968 cm), levels of clay and clastic input proxies
decrease markedly, accompanied by an increase
in OM and charcoal content and distinct
peaks in Cl/H2O. In addition, Mn/Fe shifts
strongly to higher values (ca 005), and the cor-
relation between Ti and Ca turns to positive
again (Fig. 9A and B). Magadiite and clinoptilo-
lite are deposited in the central basin at this
time (Table 2), with the presence of the former
again causing an artefactual increase in clay
content.
Unit IV is characterized by marked variations
in sediment composition and can be divided
into two subunits. The base of subunit IV-A is
characterized by a shift to low OM and Cl/H2O
contents and higher values of v and Ti, whereas
fine lamination is recorded for the central (607
to 549 cm) and southern (968 to 845 cm)
basins. No authigenic evaporative minerals are
detected at this point (Table 2). Higher in this
subunit, fine lamination disappears again.
Instead, the sediments of the central basin con-
sist of uniformly grey deposits with elevated
levels of Cl/H2O containing the zeolite mineral
analcime [Na(AlSi2O6)H2O], while sediment in
the southern basin displays a vaguely banded
pattern. Except at its base, Ca and Ti are inver-
sely correlated throughout this subunit (Fig. 9A
and B). The sediments of the central-south sill
are relatively uniform throughout subunit IV-A,
with the exception of a layer of magadiite-bear-
ing nodules at 46 cm. The transition to subunit
IV-B is marked by a shift to higher v and Ti
levels (highly abrupt in the central basin), which
also marks the base of the recovered northern
basin sediment sequence. In the central and
southern basins, subunit IV-B is made up of
broadly banded sediments, while on the sill sep-
arating the central and southern basins, this sub-
unit consists of a layer of hard magadiite-rich
aggregates. In the northern basin, subunit IV-B is
made up of dark-brown sediments containing
abundant trona crystals and, in the upper part of
the unit, moulds of similar crystals. Subunit IV-
B deposits also contain analcime and erionite,
with high levels of siliciclastics and Cl/H2O. In
the middle to upper part of this subunit from all
three lake basins, OM, Cl/H2O and charcoal
reach maxima. In the southern basin, Ca and Ti
are inversely correlated throughout although less
strongly than in subunit IV-A (Fig. 9A and B).
The base of Unit V marks the onset of sedi-
mentation on the sill separating the north and
central basins, following a lowstand of unknown
duration that left a sand and gravel horizon at
the base of that sill’s sequence (BOGNC14). In
all five sequences, Unit V is characterized by
finely laminated sediments, and the three mid-
basin sequences demonstrate a sharp rise to
remarkably high clay contents. In the lowermost
15 cm of Unit V in the northern basin, rare but
large (several centimetres) nahcolite crystals
could be recognized. Overall, OM content and
Ti values are high at all core sites, and in the
southern basin, Ca and Ti display strong nega-
tive correlation (Fig. 9A and B). Associated with
the finely laminated nature of the sediments, the
high-resolution compositional proxies show
marked short-term variability.
Chronology and rate of sedimentation in Lake
Bogoria
The comprehensive set of chronological tie
points which allow linkage of corresponding
depths in the five sediment sequences combines
visual characteristics, charcoal counts (a terres-
trial proxy and therefore unaffected by differen-
tial biogeochemical processes at the various
coring sites), proxies for catchment-derived
Fig. 9. (A) Scatter plots depicting the correlation between Ca and Ti for the five successive units of core BOGS14
from the southern basin of Lake Bogoria (determined by X-ray fluorescence; in % of total counts), and between Ca
and Ti concentrations (determined by inductively coupled plasma atomic emission spectrometry; in mg/g) in the
seasonal sediment-trap samples obtained from the three basins. (B) Evolution of the slope of the regression
between Ca and Ti (Ca:Ti) throughout core BOGS14, calculated over a 15 cm running window (i.e. 31 paired data
points) tapered at the top and base of the sequence. The darkness of shading under the curve reflects the strength
of the correlation between Ca and Ti, with darker colours signifying higher R² values.
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clastics (v, elemental composition) and variation
in OM content (Figs S1 to S5). The full set of tie
points (Table S3) enables a comparison of sedi-
mentary processes acting in the different parts
of the lake for all main stages. Only in the sedi-
ment sequence of the sill separating the central
and south basins (BOGCS14/15), which mostly
lacks the variations in sediment composition
observed in the other sequences, not all tie
points could be recognized. Possibly, this
sequence has experienced irregular or inter-
rupted sedimentation during lowstands.
Table 3. Radiocarbon dating results obtained from the five studied core sequences from Lake Bogoria, transferred
to the corresponding composite depth in core sequence BOGS14 from the south basin. Asterisks indicate 14C dates
that implied significant age reversals with depth, and were thence not incorporated in the age model.
No.
Sample
code
Site of
collection
Depth in
BOGS14 (cm) Material
14C age
(14C yr
BP)
Error
(14C yr
BP)
Cal age range
(Cal yr AD)
Probability
(2r)
1* UBA-26052 South 379 to 383 Charred wood 296 30 1492 to 1602 0677
1614 to 1656 0272
2* Poz-79686 North-central
sill
480 to 485 Small charcoal
fragments
410 30 1592 to 1619 012
1432 to 1520 083
3* Poz-79718 South 575 to 592 Small charcoal
fragments
470 30 1410 to 1455 095
4 UBA-26053 South 685 to 687 Tribulus sp. Seed 247 32 1937 to 1954 0062
1762 to 1802 0236
1739 to 1744 0005
1626 to 1681 0512
1590 to 1590 0001
1522 to 1574 0134
5 Poz-79680 South 800 to 820 Small charcoal
fragments
415 30 1595 to 1618 0096
1431 to 1516 0854
6 Poz-79683 Central 1030 to 1050 Small charcoal
fragments
440 30 1604 to 1607 0009
1418 to 1488 0941
7 Poz-79681 South 1140 to 1170 Small charcoal
fragments
660 35 1344 to 1394 0477
1276 to 1325 0473
8 Poz-83809 South 1495 to 1530 Small charcoal
fragments
945 30 1026 to 1155 095
9* Poz-79685 Central-south
sill
1740 to 1760 Small charcoal
fragments
1325 30 741 to 767 0198
651 to 719 0752
10 Poz-83810 South 1760 to 1800 Small charcoal
fragments
870 30 1231 to 1246 0024
1147 to 1227 0702
1120 to 1140 005
1046 to 1093 0173
11 Poz-83812 South 2270 to 2300 Small charcoal
fragments
865 30 1149 to 1252 0786
1123 to 1138 0033
1048 to 1086 013
12 Poz-83813 South 2480 to 2510 Small charcoal
fragments
1085 30 937 to 1016 0646
894 to 931 0303
13 Poz-83814 South 2570 to 2600 Small charcoal
fragments
1010 30 1138 to 1148 0023
1088 to 1123 01
976 to 1047 0826
14 Poz-79774 South 2650 to 2670 Small charcoal
fragments
915 35 1198 to 1203 0014
1030 to 1190 0936
15 Poz-83815 South 2760 to 2790 Small charcoal
fragments
1285 30 666 to 770 095
16 Poz-79682 South 2930 to 2950 Small charcoal
fragments
1315 30 740 to 768 0249
655 to 723 0701
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Total 210Pb activity reaches equilibrium with
the supporting 226Ra around 30 cm depth in the
sediment sequence of the central basin, and con-
centrations of the fallout radionuclide 137Cs
have a relatively well-defined peak at 155 cm
that records the 1963 fallout maximum from
above-ground testing of nuclear weapons
(Table S4). Post-1963 ages are relatively
unequivocal, but 19th Century and early 20th
Century ages have relatively large uncertainties
because of low 210Pb activity in samples close to
equilibrium. Chronological inferences from
210Pb data are therefore limited to sediments
deposited since 1925 AD (12 years). Multiple
chronological tie points in the finely laminated
deposits of Unit V allow transfer of 210Pb-
derived ages to corresponding depth intervals in
the southern basin. Similarly, all radiocarbon
information obtained from different core sites
(Table 3) was transferred to the corresponding
depth intervals in the southern basin. Lacking
any evidence for sediment hiatuses, the south-
ern basin is likely to be the only site in the lake
that has not suffered a phase of (near) complete
desiccation at some point during the time frame
discussed in this study. There has also been no
deposition of massive evaporite facies, resulting
in a continuous sediment record without inter-
calating evaporites, palaeosols or anomalously
large variations in sedimentation rate.
The final age–depth model (Fig. 10A) dates
the base of the sediment sequence recovered
from the southern basin to 690 AD (95% confi-
dence range 620 to 770 AD). Four radiocarbon
dates that suggested unrealistically old ages
were not included in the final age model
(Table 3). The most likely cause for age overesti-
mation of these samples is the presence of old
terrestrial material. Two of these outlier samples
were extracted from the base of the sill-site
sequences, in a desiccation horizon on the
north-central sill and in a layer of magadiite-rich
aggregates (similarly signifying substantially
lowered lake level) on the central-south sill.
During re-establishment of sedimentation at the
sills, rising water levels may have mobilized
older, reworked material to these core sites.
Based on the age model for the south basin, a
best age estimate could be assigned to each of its
tie points, which in turn allowed their age to be
transferred to the other four sequences. In combi-
nation with data on specific dry weight (corrected
for salt content derived from LOI), this allowed
calculation of sediment accumulation rates (SARs;
in g cm2 yr1) over identical time intervals in all
three basins (Fig. 10B). For the central basin, The
SAR was not calculated for Units I and II because
of the dominance of massive evaporitic deposits.
For most of the sequence, central-basin SAR val-
ues are consistently lower than those for the south
basin, but exhibit similar or even slightly higher
rates after ca 1970 AD. From the base of the north-
basin sequence around 1620 AD until ca 1790 AD
(i.e. throughout Unit IV-B), the north-basin SAR is
substantially higher than that in the central and
south basins. After ca 1790 AD (i.e. from the base
of Unit V upward), the north-basin SAR falls to
levels comparable to the south basin, only to
increase sharply in the early 1970s to levels 15 to
20 times higher than those of the central and south
basins.
Seasonal sedimentation dynamics: sediment-
trap data
Compositional data from the sediment-trap sam-
ples display a clear seasonal pattern (Fig. S6;
Table S5). Values of v and terrigenous elements
(Al, Ti and Fe) peak during the 2015 March to
May (MAM) rain season in all three basins,
while %TOC and %TN values are lowest during
both the short and long rain seasons. Clay con-
tent and SAR were highest during the rainy sea-
sons, the latter especially during MAM.
However, the highest seasonal SAR occurred
during June to July 2015 in the northern basin,
but was not recorded in the central and south
basins. Overall C/N values in all three basins are
low (between 59 and 82). In all three basins,
the abundances of Ca and Ti in available sam-
ples are inversely correlated (n = 4 or 5;
Fig. 9A). Clay content of the sediment-trap mate-
rial decreases from north to south, whereas %
TOC increases, reflecting a higher contribution
of algal/microbial phytoplankton productivity to
sedimentation away from Sandai–Waseges river
inflow. A similar pattern is observed in the
cores, where the clay fraction of present-day
deposits in the northern basin is at least twice
as high as that of corresponding units in the
central-basin and south-basin sequences.
DISCUSSION
Interpretation of sediment elemental
composition
This study’s palaeoenvironmental interpretation
of sediment elemental composition, obtained
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either through XRF scanning of sediment cores
or ICP-MS analysis of sediment-trap samples,
focuses on variations in sedimentary contents of
calcium (Ca), titanium (Ti), chlorine (Cl), iron
(Fe) and manganese (Mn), as well as indices
derived from them. Calcium concentrations in
the hypersaline water of the present-day lake are
relatively low (between 14 and 81 mg l1 in
2008 to 2009; Jirsa et al., 2013), and its precipi-
tation, mainly as calcite, has been described for
nearshore environments where stream water
enters the hypersaline environment as ‘soil car-
bonates’ on delta plains or as travertine associ-
ated with geothermal springs (Renaut et al.,
1986; Deocampo & Renaut, 2016). Titanium
usually is not incorporated in authigenic lake
water precipitates, which justifies its common
use as a proxy for clastic mineral input (Metcalfe
et al., 2010; Davies et al., 2015). Chlorine has
previously been used as a proxy for the salt
water content of marine sediments (Tjallingii
et al., 2007). In Lake Bogoria, this element is
present mainly in the saline pore water and to a
lesser extent as part of syn-sedimentary halite,
which may have formed during the final stages
of Na–CO3–HCO3–Cl brine evolution upon
extreme evaporative concentration (Eugster &
Jones, 1979). When corrected for water content,
it can thus be considered to reflect past varia-
tions in lake water salinity. The elemental ratio
of Mn to Fe (Mn/Fe) has often been used as a
proxy for bottom water redox conditions (Haber-
zettl et al., 2007; Melles et al., 2012; Francus
et al., 2013) because Mn undergoes reduction to
a more mobile form at less strongly reducing
conditions than Fe (Boyle, 2001; Davies et al.,
2015). Here, it is used as a rough indicator of
water depth and thus lake level. However,
because of the hypersalinity and high tempera-
tures of Lake Bogoria, its bottom water was
probably (near-) permanently anoxic both during
meromictic (permanently stratified) and
holomictic (seasonally stratified) lake phases.
Relatively oxidizing conditions, resulting in low
Mn/Fe ratios, can only be expected during epi-
sodes when the lake was very shallow and well-
mixed throughout by wind activity.
Sedimentation dynamics in modern-day Lake
Bogoria
The compositional data on the sediment-trap
samples collected seasonally from July 2014 to
July 2015 provide insight into the modern-day
sedimentation dynamics of Lake Bogoria
(Fig. S6; Table S5). Increased delivery of pre-
dominantly clastic material to all three basins
during wet seasons, especially the long rains
(MAM), demonstrates the seasonal activation of
ephemeral rivers. The Sandai–Waseges river,
which runs through agricultural areas of unpro-
tected clay-rich soils (Hackman, 1988) before
entering the north basin of Lake Bogoria (Fig. 1),
is the dominant source of detrital clay and there-
fore responsible for the strong north–south gra-
dient in its delivery to the three basins of Lake
Fig. 10. (A) Age–depth model for core BOGS14 from the southern basin of Lake Bogoria, generated with the
Bacon software package for R (Blaauw & Christen, 2011). ‘Mirrored’ calendar-age distributions, with height pro-
portional to probability, are shown for both Pb-210 derived ages (green) and 14C-dated intervals (blue if incorpo-
rated in the age model; pink if not retained; and all numbered as in Table 3). The 12 incorporated 14C dates
support an age–depth model with no unrealistic changes in age with depth, even in the core section covered by
date numbers 8 and 10 to 14 where age changes relatively little with depth due to the syn-sedimentary growth of
large nahcolite crystals (Unit II) or high rates of clastic sediment input (Unit III). The red dotted line depicts the
modelled age–depth relationship (weighted mean of model iterations), with grey dotted lines indicating the upper
and lower boundaries of the 95% confidence interval. Insert plots show the depth profile of total (thick line) and
supported (thin line) 210Pb activity in the uppermost sediments, as well as 137Cs activity which displays a peak at
AD 1964. (B) Evolution of sediment accumulation rate through time in each of the three basins of Lake Bogoria, as
calculated from cumulative dry weight (corrected for salt content) between successive chronological tie points. (C)
Best-estimate reconstruction (full black line) of lake level fluctuation in the southern basin of Lake Bogoria over
the past 1300 years, based on multi-proxy signatures in the successive sediment units. The grey shaded area
depicts the possible range of absolute lake-surface elevation based on the bottom elevations at the core sites of the
north-central sill (NC), central-south sill (CS) and the southern basin (S) and the overflow level. The partial 20th
Century lake level curve, as based on fragmentary historical data, is adapted from Tiercelin et al. (1987) and sup-
plemented with observations in 2003 and 2014 (crosses). The minimum and maximum levels of the 20th Century
range (20th-C. min, 20th-C. max) are shown for comparison with earlier times. The inset maps depict rough
approximations of lake-surface area and basin interconnection during the major past episodes relative to the 2003
lake level, not considering short-term variability.
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Bogoria. Low C/N values with small spatial and
temporal differences overall suggest that in-lake
productivity from algae and cyanobacteria is
year-round the dominant source of OM in all
three basins (Meyers, 1994), consistent with eco-
logical data documenting high primary produc-
tion dominated by the cyanobacterium
Arthrospira fusiformis (Harper et al., 2003). Dur-
ing the dry seasons, this phytoplankton-derived
OM becomes enriched in the sediment traps,
and the inorganic fraction at this time has less
clay and more fine silt (Fig. S6). The latter indi-
cates that, during these dry periods, dominant
sediment provenance shifts from axial Sandai–
Waseges inflow (which is then low or inter-
rupted) to the lateral catchment slopes directly
surrounding the lake, possibly also with a
greater contribution from aeolian transport. The
negative correlation between Ca and Ti in sea-
sonal sediment-trap samples suggests that these
elements do not share a common supply mecha-
nism. The present authors surmise that calcium
carbonate precipitates authigenically from the
water column during the dry season or, more
likely, in the sediment matrix of lake-fringing
mudflats from which mobilization becomes rela-
tively more important during times of decreased
Sandai–Waseges inflow. Some of the observed
compositional variability suggests a more com-
plex control on sedimentation, such as the mas-
sive delivery of sediment to the northern basin
during the relatively dry period of June to July
2015 (but not during the wetter ‘dry-season’ per-
iod of July to August 2014). Seasonal land use
changes (such as crop rotation cycles) or the
occurrence of low-frequency/high-energy rain
showers during the JJAS ‘dry’ season may partly
explain this observation. However, a comparable
June to July 2015 SAR peak is conspicuously
lacking for the central and southern basins.
Lake Bogoria moisture-balance change during
the past 1300 years
The sediment record from the southern basin of
Lake Bogoria is best suited for proxy-based mois-
ture-balance reconstruction, given that it uninter-
ruptedly covers the longest period of all five
sediment sequences studied. Supplemented by
information contained in the cores retrieved
from the other four core sites (Fig. 8), this allows
construction of a semi-quantitative lake level
curve over the past ca 1300 years (Fig. 10C;
Table S6). In combination with the age model
based on 210Pb dating and on 14C dating of
terrestrial plant macrofossils, this represents a
significant improvement over the lake level
reconstruction presented by De Cort et al. (2013)
on the basis of a single, older core from the cen-
tral basin only. The new data clearly indicate
that climate-driven hydrological variability in
the Bogoria region during the last millennium
exceeded the range of variation documented by
20th to 21st Century historical records.
Unit I (ca 690 to 950 AD)
The oldest retrieved deposits (Unit I) indicate a
much more negative water balance than today
during the period from 690 AD (95% confidence
range 620 to 770 AD) to 950 AD (95% confidence
range 880 to 1000 AD). The presence of massive
and pure trona layers implies that during multi-
ple prolonged lowstand stages, the central basin
experienced extreme evaporative concentration.
Water levels were low enough to disconnect the
central basin from the north and south basins,
starving it from river borne clastics and convert-
ing it to a playa lake probably fed mainly by
alkaline hot springs. Trona precipitates from
highly saline alkaline brines in equilibrium with
atmospheric CO2 (Eugster, 1971). Additionally,
thermonatrite (and halite) are also present in
these massive Unit I trona deposits. Characteriz-
ing the final evaporative stage of Na–HCO3–CO3–
Cl brine evolution (Eugster, 1971), the combined
occurrence of these minerals suggests near-com-
plete desiccation of Lake Bogoria’s central basin
at that time. The higher temperatures required
for thermonatrite formation were probably pro-
vided by exposure to intense solar irradiation,
such as occurs today on the sun-baked delta
plains along the north side of the lake (Renaut
et al., 1986). Alternatively, thermonatrite might
also have formed subaqueously in shallow brine
pools, in which temperatures were possibly
raised further by input of geothermally heated
water (Tiercelin et al., 1987; Renaut & Tiercelin,
1994). During much of the period represented
by Unit I, the lacustrine environment of the cen-
tral basin was probably a sporadically flooded
saline pan similar to today’s Lake Magadi in the
southern Kenya Rift Valley; there, continuous
trona precipitation has accumulated into depos-
its >40 m thick (Eugster, 1980). The mud layers
separating Lake Bogoria’s trona deposits suggest
that intermittent wetter periods periodically
re-established clastic sediment supply to the
deepest parts of the central basin.
At that time, the south basin was reduced to a
shallow brine pool, but a smaller surface to
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volume ratio and better sheltering from strong
winds probably protected it from complete des-
iccation. Persistence of a perennial water body
in the southern basin may also be explained
partly by a relatively higher proportion of
geothermal spring water being discharged there
compared to the central basin. Continuous sedi-
mentation was maintained in the southern
basin, but very high Cl/H2O and OM content
(Fig. 6) in combination with authigenic sodium
carbonates and silicates nevertheless imply
extreme evaporative concentration and hyper-
saline conditions. The strongly positive correla-
tion between Ca and Ti in this Unit (Fig. 9)
suggests that Ca is either a dominant component
of the clastic fraction or that dissolved Ca in
inflow waters was precipitated immediately
when entering the highly alkaline lake close to
the core site.
Unit II (ca 950 to 1100 AD)
Unit II, which covers the next phase in the his-
tory of Lake Bogoria, dates from 950 AD (95%
confidence range 880 to 1000 AD) to 1100 AD
(95% confidence range 1040 to 1140 AD), and is
characterized by abundant nahcolite in sedi-
ments from the central and south basins. This
evaporitic sodium carbonate mineral requires
pCO2 levels at least several times higher than
present-day atmospheric levels to precipitate
(Eugster, 1966; Jagniecki et al., 2015). McCall
(1967) and Walsh (1969) reported CO2 discharge
(>99% CO2) from fumaroles a few kilometres
from Lake Bogoria. Renaut & Tiercelin (1994)
proposed that geothermal CO2 might play a role
in formation of trona and nahcolite at the lake,
in addition to that previously attributed to
microbial respiration (Eugster, 1980; Renaut
et al., 1986). Massive release of CO2 from deep
faults in the Magadi Basin and along the entire
East African Rift System (EARS) has been
demonstrated (Lee et al., 2016). Given the tec-
tonic origin of Lake Bogoria and its setting in an
area of active faulting (Le Turdu et al., 1999),
geothermal CO2 was probably an important dri-
ver of nahcolite formation during the period cor-
responding to Unit II.
In contrast to the preceding period, both the
central and southern lake basins were perma-
nently inundated by a perennial water column
deep enough to enable a sizeable build-up of
pCO2, possibly facilitated by inundation of the
geothermal springs that currently discharge off-
shore into the deepest part of these basins (Tier-
celin et al., 1987). However, the height of the
central-south sill above the former local lake
bottom (about 3 m) provides an upper limit for
water depth in the central and southern basins
during this phase, because the lake was too
dilute for nahcolite formation during later stages
when water level was at or close to the elevation
of that sill (see below). In any event, the water
column was too shallow to allow permanent
water column stratification, enabling regular
oxygen supply to the bottom as suggested by
high Mn/Fe ratios. While Lake Bogoria con-
tained more water than during the preceding
Unit I phase, the combined evidence suggests
that overall conditions were still highly arid.
During the Unit II phase, the central and
southern basins of Lake Bogoria might have been
similar to modern Nasikie Engida, a 15 m deep
hypersaline alkaline lake situated north-west of
Lake Magadi, with active nahcolite precipitation
and reliant on perennial geothermal springs for
ca 80 to 90% of its water supply. In the south
basin of Lake Bogoria, increasing Ti values sug-
gest a slight increase in delivery of terrestrial
clastics to the core site as compared to during
the Unit I phase, although overall conditions
were still arid. Lake levels gradually rose, consis-
tent with the gradually decreasing prevalence of
nahcolite towards the end of the Unit II phase.
The correlation between Ca and Ti, which is pos-
itive at the bottom of Unit II but gradually dimin-
ishes towards the top (Fig. 9B), suggests a
dominantly detrital origin of calcite, with condi-
tions that remained unfavourable (i.e. too saline)
for dissolved Ca storage in the water column.
This interpretation is consistent with that pro-
posed by Francus et al. (2013), who found a shift
to positive correlation between Ca and terrestrial
clastic elements when Lake Yoa (Chad) entered
its Late Holocene hypersaline phase, following a
prolonged period of negative correlation when
the lake was hydrologically open and its waters
more dilute.
Unit III (ca 1100 to 1500 AD)
Following this episode, the start of Unit III
clearly records a relatively abrupt shift to wetter
conditions lasting from 1100 AD (95% confi-
dence range 1040 to 1140 AD) to 1350 AD (95%
confidence range 1310 to 1390 AD); during this
time, the lake water became too dilute for nah-
colite precipitation. Organic matter content and
Cl/H2O decrease, while Ti increases sharply,
indicating a greater contribution from the rivers
entering the south basin. The south basin shows
no indication of authigenic zeolite formation at
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this time, indicating a less saline, alkaline envi-
ronment. Water levels must have risen above the
elevation of the central-south sill, connecting
the two basins for the first time since at least ca
690 AD (the base of the record). The correlation
between Ca and Ti becomes negative, which
indicates that surface waters were by this time
sufficiently dilute to preclude rapid calcium car-
bonate precipitation, and even more so during
periods of increased run-off. This allowed cal-
cite to form authigenically at times when detrital
influx temporarily decreased. The present-day
situation, with its relatively dilute epilimnion
and high water levels, is likewise characterized
by negative correlation between Ca and Ti
(Fig. 9A). In accordance with this scenario, ele-
vated clay deposition in both the central and
south basin from ca 1100 to 1350 AD suggests
that the lake level was high enough to connect
all three basins and establish a link to the north-
ern Sandai–Waseges River, the major source of
detrital clay in the catchment. Increased sedi-
mentation rates and low OM values at this time
are indicators of augmented stream activity, sup-
plying the south basin with terrestrial material.
Mn/Fe values are low between ca 1100 and
1350 AD, indicating a deep and permanently
stratified water column. These southern basin
sediment proxies suggest that lake level reached
successively higher maxima throughout this
highstand period, to peak at ca 1300 AD. The
timing of this long highstand corresponds well
with the most recent start of wetland formation
at Loboi Swamp immediately to the north-west
of Lake Bogoria (Fig. 1) which is dated to
680  40 cal yr BP (i.e. 1230 to 1310 AD; Ashley
et al., 2004; Driese et al., 2004).
Multiple proxies in the Lake Bogoria record
(OM, Ti, v and Mn/Fe) provide evidence for two
short episodes of drier conditions and lower
water level within this long highstand episode,
respectively, dated to ca 1160 to 1180 AD (mark-
ing the transition between Unit III-A and Unit
III-B) and ca 1230 to 1250 AD. There is no evi-
dence for nahcolite precipitation during these
stages, so water level probably remained higher
than during the Unit II phase. However, the base
of the sediment sequence recovered from the
central-south sill, the timing of which corre-
sponds to the first of these two short dry spells,
is made up of coarse-grained mud aggregates
rich in magadiite. The removal of soft, fine-
grained sediments from this site would have
required a substantial drop in lake level, down
to at most only a few metres above local lake
bottom. The high density of hypersaline water
limits the depth of wind-driven turbulence and
thus increases the potential for undisturbed sed-
imentation in shallow water. The main reference
frame in this context is the observation that no
interruption of laminated sedimentation (i.e. no
mixing or resuspension of previously deposited
sediments) occurred at the north-central sill
location in 2001 to 2003 AD, when local water
depth was only 3 m (see below). In the less sal-
ine but more wind-sheltered crater Lake Sonachi
(located immediately to the west of Lake Naiva-
sha; Fig. 1), varved sedimentation persisted
through a mid-20th Century episode when local
water depth was only 3 m, but not during a late
19th Century episode when local water depth
dropped to <2 m (Verschuren, 1999a). This
study conservatively estimates the water level of
Lake Bogoria during the ca 1160 to 1180 AD dry
interval to have stood at maximally 2 m above
the central-south sill. The remaining magadiite-
rich mud aggregates probably hardened irre-
versibly upon exposure to air (Renaut, 2003)
when the nearby lake bottom slopes, or the core
site itself, fell momentarily dry. The second of
these short intervals (ca 1230 to 1250 AD) did
not lower lake level to the same extent, because
fine-grained sediments on the central-south sill
were not disrupted as much. However, evapora-
tive concentration of the lake’s dissolved silica
reservoir did trigger extensive magadiite
precipitation in the central basin and on the
central-south sill.
Following peak humidity dated to ca 1300 AD,
the proxy data in the upper part of Unit III-B sug-
gest a return to generally drier conditions during
the period from 1350 AD (95% confidence range
1310 to 1390 AD) to 1500 AD (95% confidence
range 1440 to 1550 AD). In the south basin, this is
inferred from a decrease in v and Ti and from
increased values of OM, Mn/Fe and Cl/H2O. A
return to stronger evaporative concentration is
suggested by a temporary shift to positive corre-
lation between Ca and Ti (Fig. 9B), while the
central basin contained brine that was suffi-
ciently saline to allow precipitation of magadiite
and clinoptilolite. Magadiite also precipitated on
the central-south sill, but with relatively limited
aggregation of the local deposits. Hence, at this
time of drought, water level mostly must have
stayed above sill elevation, but not by much
since clay content values comparable to those of
Units I and II indicate that the central and south
basins of the lake were again cut off from
Sandai–Waseges inflow and hence that the
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north-central sill stood dry (Fig. 10C). Addition-
ally, the increased Mn/Fe values of south-basin
sediments suggest that its water column was
shallow enough to regularly allow complete
mixing.
Unit IV (ca 1500 to 1790 AD)
The start of Unit IV at 1500 AD (95% confidence
range 1440 to 1550 AD) marks the end of the
drought recorded in the upper part of Unit III,
with increased supply of terrigenous clastic
material to the south-basin coring site. Decreas-
ing OM levels and a return to negative correla-
tion between Ca and Ti (Fig. 9B) suggest more
dilute waters and higher lake levels. This is sup-
ported by the temporary deposition of finely
laminated sediments in the central and south
basins (although less well defined in the latter),
indicating a stable water column from ca 1500
to 1550 AD. No authigenic sodium silicate miner-
als were formed in the central basin at this time,
further implying relatively dilute conditions. At
the same time, various proxy evidence from the
southern basin (for example, v, Ti and Mn/Fe;
Table S6) indicates that the lake did not reach
the high levels of 1100 to 1350 AD or the 20th
Century (Unit V; see below).
This relatively short wetter episode was suc-
ceeded by a return to lower lake levels during
the period represented by the remainder of Unit
IV, dated from ca 1550 until 1790 AD. From the
mid-16th Century onward, Si and Na levels
were high enough, at least occasionally, to allow
authigenic analcime to form in the central basin.
This episode was possibly also characterized by
strong evaporative concentration in the north
basin, reminiscent of Unit I conditions in the
south basin: trona precipitation in a shallow
hypersaline brine pool, as evidenced by trona
crystals in the lower half of Unit IV-b and casts
of such crystals in the upper half of Unit IV-b. It
is these salt-rich deposits which probably pre-
vented recovery of sediments pre-dating ca
1620 AD in the north basin. After ca 1620 AD,
slightly higher v and Ti levels, together with
decreases in water and OM content, in the lower
part of Unit IV-b in the central and south basins
seem to suggest a short-lived period of slightly
higher water level between ca 1620 and
1690 AD. Afterwards, the top of Unit IV-b attests
to predominantly dry conditions dated to
between ca 1700 and 1790 AD. Several other
lines of evidence also suggest that Lake Bogoria
stood relatively low between ca 1620 and
1790 AD. First, the relatively high Cl/H2O levels
indicate increased salinity. Also, during the
entire 1620 to 1790 AD period, SAR in the north
basin was consistently about twice as high as in
the south basin and more than five times as high
as in the central basin (Fig. 10B). This implies
that lake level during this period was never high
enough to firmly connect the north basin to the
other two, restricting deposition of the Sandai–
Waseges sediment load to the north basin. Cut-
ting this basin off from the more distal parts of
the lake created the observed interbasin offsets
in SAR. It should be noted that each time such
separation occurred, Lake Bogoria’s two water
bodies experienced different regimes of hydro-
logical recharge and thus probably developed a
different surface level (unless the differences in
inflow were compensated by seepage through
the north-central sill).
North-basin sediments contain evidence of
much more saline conditions than today from
the base of the sequence (ca 1620 AD) until
1790 AD. The end of this period corresponds to
another layer of magadiite-rich mud aggregates
on the central-south sill, similar to the layer that
makes up the base of that sequence. Whether
Lake Bogoria fell to the level of this sill is uncer-
tain but, in any case, it receded to a level that
mobilized such material from exposed adjacent
slopes while removing previously deposited
soft, fine-grained material. As during the ca
1160 to 1180 AD lowstand (cf. above), maximum
local water depth during the period 1700 to
1790 AD is estimated at 2 m above the central-
south sill. Together with the evidence for
complete removal of previously deposited soft
material from the north-central sill, this implies
that the lake probably stood below or, at the
very highest, <05 m above the north-central sill
for most of this time. When renewed lake level
rise finally inundated the latter sill shortly after
ca 1790 AD (the start of continuous sedimenta-
tion there) and re-established connection
between the three basins, the ratios between
SAR in the north versus central basin, and in
the central versus south basin, swiftly drop to
values around two and one, respectively, reflect-
ing a more even distribution of Sandai–Waseges
sediment load over the entire lake surface before
settling from the water column. This major refill-
ing episode probably represents the end of the
severe late 18th to early 19th Century ‘Mahlatule’
drought known to have impacted the whole of
eastern Africa (Anderson, 2016; Nash et al.,
2016). Both Lake Baringo to the north and the
main basin of Lake Naivasha to the south stood
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dry during this event (Verschuren, 1999b;
Bessems et al., 2008). A previous study (De Cort
et al., 2013) provided evidence that also the shal-
low rift lakes Nakuru and Elementeita, immedi-
ately south of Bogoria (Fig. 1), fell dry at this
time, and the new results also demonstrate that
Lake Bogoria stood significantly lower than
today, with its north basin reduced to a shallow
water body separated from the (still confluent)
central and southern basins.
Unit V (ca 1790 AD to present)
Since ca 1790 AD (95% confidence range 1700 to
1860 AD), the water level of Lake Bogoria has
been consistently at a level that connected all
three basins and allowed uninterrupted accumu-
lation of finely laminated sediments at all five
core sites. Lake level during the 19th Century,
i.e. before historic evidence becomes available,
is therefore estimated at minimally 2 m above
the elevation of the north-central sill (as this is
the highest of the five core sites). During the
20th Century, levels of Mn/Fe drop to low levels
not attained since the late 13th to early 14th
Century. Together with levels of v and Ti that
are high overall when compared to the entire
record, and a consistently negative correlation
between Ca and Ti (continuing up to the pre-
sent, as documented by the sediment-trap sam-
ples; Fig. 9A and B), this implies generally
stable conditions of high lake level during
recent times. This proxy-based inference is con-
sistent with sporadic observations going back to
the early 20th Century (Tiercelin et al., 1987;
Fig. 10C), which place the highest known histor-
ical levels in the early 1900s and during the
2011 to 2013 transgression (Obando et al., 2016)
and never saw the north-central sill fall dry.
Evidence for recent and historical human
impact in the Lake Bogoria catchment
The most prominent sedimentological feature of
Unit V is a remarkable rise in clay content dated
to ca 1840 AD. This is most pronounced in
north-basin sediments, where it increased the
proportion of clay in the total inorganic fraction
by a factor of two to three. Just before this textu-
ral change, charcoal abundances reach the high-
est levels of the record with a distinct maximum
observable in all three basins. Charcoal abun-
dance somewhat decreases but remains high
during the steep increase in clay. The most
plausible explanation for this coincidence is the
onset of significant human activity within the
Sandai–Waseges River drainage basin. Deliberate
burning of scrub savannah vegetation followed
by land conversion to crop agriculture must
have destabilized the clayey soils which charac-
terize a sizable portion of the upper and lower
reaches of this river catchment (Fig. 1). This
strongly enhanced soil run-off established the
current dominance of this river (even though it
is only seasonally activated) over all other local
rivers and streams (most of which are ephem-
eral) as the main source of terrigenous materials
to all three basins of Lake Bogoria. This first
unambiguous signal of large-scale human impact
clearly pre-dates the late 19th to early 20th Cen-
tury onset of colonial-era development of the
central Kenya Rift Valley by European settlers
(Berg-Schosser & Siegler, 1990; Anderson, 2002),
but seems to post-date the onset of indigenous
agricultural activity in the Lake Baringo catch-
ment, where pastoralists and farmers may have
been a significant landscape-shaping factor since
the early to mid-1700s (Kiage & Liu, 2009). The
Lake Naivasha sediment record suggests that
also in the region surrounding the southern por-
tion of the central Rift Valley, forest clearance
and crop cultivation started around 1700 AD
(Lamb et al., 2003).
During the past two centuries, the surface
level of Lake Bogoria has been continuously and
atypically high when compared to the rest of its
1300 year recorded history. This is similar to
what has been found for Lake Edward (Russell &
Johnson, 2007) but different to the historical
trend at Naivasha, where prominent lake trans-
gression ca. 1820 AD is followed by a return to
low or intermediate levels by the mid-19th Cen-
tury (Verschuren, 1999b; Verschuren et al.,
2000). Although this spatial variability in recent
moisture-balance trends may reflect regional cli-
mate-dynamical patterns, it is also possible that
the uninterrupted highstand of Lake Bogoria
during the last two centuries may not have an
entirely climatic origin. Conversion of natural
vegetation to farmland in a sizable portion of
the upper Sandai–Waseges catchment may have
negatively affected local infiltration of rain water
and enhanced surface run-off, which subse-
quently increased total annual streamflow
(Allanson et al., 1990; Bruijnzeel, 2004) into
Lake Bogoria. Thus, Lake Bogoria’s atypically
high level during the past two centuries may
have resulted at least partly from intensified
anthropogenic land use since the mid-19th
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Century. Altered sediment delivery by human
activity, including large quantities of clay during
rain-season flash floods, probably also plays a
role in the formation of very well-defined sea-
sonal lamination during the last two centuries.
Finely laminated, possibly varved, sediments
are visually much less distinct or absent during
earlier periods of comparable high water levels.
The dramatic further increase in SAR values
in all three basins since the early 1970s depos-
ited one full metre of sediment in its north basin
over the past 30 years. This accords with the
sediment-trap data, which demonstrate high ter-
rigenous sediment delivery to the north basin
(Table S5), and with a recent increase in the
occurrence of large hypopycnal sediment
plumes in the northern part of the lake, observ-
able on satellite imagery (Tebbs, 2014). In recent
decades, SAR in the central basin have become
higher than in the south basin for the first time
in the entire record, reflecting a further reduc-
tion in the relative importance of local (mostly
ephemeral) streams in supplying sediment to
the central and south basins. Overall the proxy
evidence for the intensification of crop agricul-
ture in the upper catchment of Lake Bogoria
since about 1970 is consistent with historical
data that land degradation around nearby Lake
Baringo intensified from the 1960s onward due
to a demographically driven expansion of sub-
sistence agriculture and abandonment of colo-
nial-era soil conservation programmes
(Johansson & Svensson, 2002). Clearly, Lake
Bogoria has been subject to similar processes
altering its natural sedimentation dynamics,
despite its status as a National Reserve. Human
settlement and agriculture in the immediate
vicinity of the lake currently occur near its
northern edge towards Loboi Swamp, but are
currently most developed in the headwater area
of the Sandai–Waseges river outside of the
Reserve, where under British rule forests were
cleared for large-scale commercial farms and
ranches. After Kenya’s independence, these
were subdivided into many small-scale holdings
(Mugo, 2007). Besides rapid infilling of its north
basin, the evidently massive and still increasing
delivery of terrigenous sediment to Lake Bogoria
may also have negative consequences for the
ecological functioning of this unique lake
ecosystem. For example, increased turbidity
may undermine the primary production by pela-
gic cyanobacteria which sustains the population
of lesser flamingos for which the National
Reserve is famous (Harper et al., 2003).
CONCLUSIONS
The results of this study significantly improve the
understanding of the timing and magnitude of
hydrological variability at Lake Bogoria over the
past ca 1300 years, and its resulting impact on
sedimentation dynamics in its three basins. Docu-
mentation of major textural, compositional and
mineralogical change in the sedimentary record
at five key locations reveals major lake level and
hydrochemical fluctuations, driven by climatic
moisture-balance variation beyond the histori-
cally documented range. The record of Lake
Bogoria starts with a period of aridity from ca 690
to 950 AD, which effectively separated its three
basins and left the deep central basin in a pre-
dominantly desiccated state. During the ensuing
period with slightly higher water levels but over-
all still dry conditions lasting until ca 1100 AD,
both the central and southern basins held perma-
nent but shallow water bodies enriched in CO2 by
geothermal injection. Afterwards, lake level rose
towards a pronounced humidity maximum which
was reached around 1300 AD. Variable, mostly
intermediate hydrological conditions punctuated
by a number of droughts prevailed during the per-
iod 1350 to 1790 AD. During the last two cen-
turies, lake levels have generally been high,
certainly above the long-term average. The young-
est sediments in the depositional sequence record
the onset of human activity in the catchment, and
the exponential increase in clastic sediment
influx in recent decades. Given that the probable
cause of this enhanced sediment load is situated
outside the boundaries of Lake Bogoria National
Reserve, management strategies must consider
anthropogenic impacts on the aquatic lake
ecosystem and on the surrounding drainage basin
in Kenya’s central Rift Valley.
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Additional Supporting Information may be found in
the online version of this article:
Figure S1. Selected chronological tie points in the
laminated sediments of Unit V between the three
mid-lake and the north-central sill core sequences,
based on macroscopic features and magnetic suscepti-
bility signatures.
Figure S2. Selected chronological tie points between
all five core sequences from Lake Bogoria, based on
shared magnetic susceptibility signatures in Units I to
IV.
Figure S3. Selected chronological tie points between
the three mid-lake core sequences from Lake Bogoria,
based on shared patterns in charcoal content.
Figure S4. Selected chronological tie points between
the three mid-lake core sequences from Lake Bogoria,
based on shared patterns in XRF-determined Ti con-
tent.
Figure S5. Selected chronological tie points between
all five core sequences from Lake Bogoria, based on
shared patterns in LOI-determined organics/siliciclas-
tics.
Figure S6. Compositional data of the sediment-trap
samples collected seasonally between early July 2014
and late July 2015, with the uppermost panel depicting
NOAA’s CPC Merged Analysis of Precipitation (CMAP)
monthly satellite-based precipitation estimates (Xie &
Arkin, 1997) over the grid cell containing Lake Bogo-
ria’s catchment during the study period.
Table S1. Deployment of sediment traps and water
column measurements at Lake Bogoria.
Table S2. Depth boundaries of lithological Units I to
V for the five sequences collected from Lake Bogoria.
N.r.: not recovered.
Table S3. Full set of chronological tie points reflect-
ing equivalent ages in the five sediment sequences.
Table S4. 210Pb and 137Cs dating results for the sedi-
ment sequence of Lake Bogoria’s central basin.
Table S5. Summary data for sediment-trap samples
collected from Lake Bogoria between early July 2014
and late July 2015.
Table S6. Summary of proxy data forming the basis
of inferred water-level reconstruction of Lake Bogoria.
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